In humans, hearing is a major factor in quality of life. Mouse models are important tools for the discovery of genes responsible for genetic hearing loss, often enabling analysis of the processes that regulate the onset of deafness in humans. Thus far, at least 400 deafness mutants have been discovered in laboratory mouse populations and used in the study of deafness. Here we report the discovery of a new spontaneous recessive Rinshoken shaker/waltzer (rsv) mutant derived from our in-house C57BL/6J stock, which exhibits circling and/or head-tossing behaviour and complete lack of auditory brain response to any sound pressure. The hearing and balance phenotypes are associated with structural defects, in particular, disorganisation and fusion of stereocilia in the inner ear hair cells. Two sets of intersubspecific N 2 mice were generated for the positional cloning of the rsv mutation. The mutant locus was mapped to a 4.8-Mb region of chromosome 9, which contains myosin VI (Myo6), a gene responsible for deafness in humans and Snell's waltzer mutation in mice. The rsv mutant showed reduced expressions of Myo6 mRNA and MYO6 protein in the inner ear. Moreover, no immunoreactivity was observed in the cochlear and vestibular hair cells in the rsv mutant mice. We sequenced the genomic region (30,154 bp) of Myo6, including all coding exons, a non-coding exon, UTRs and the Myo6 promoter; however, no mutation was discovered in these regions. We therefore speculate that loss of MYO6 expression might cause shaker/waltzer behaviour and deafness in the rsv mutant; also, loss of MYO6 expression might be the result of mutations in an unidentified regulatory region(s) of the gene.
Introduction
Hearing impairment affects 1 in 1,000 newborns, and the causes of approximately half of all cases are inherited [9] . Recently, a large number of genetic loci that cause deafness have been mapped in humans (Hereditary Hearing Loss Homepage: http://webh01.ua.ac.be/hhh/). However, the underlying genes still remain to be identified. Genetic linkage analysis of deafness in humans is possible only in large families that contain several hearing impaired members. In addition, one human family may carry two or more deafness-related mutations, because hearing-impaired persons from different families often marry each other [27] . Moreover, histopathological studies are confounded by the fact that auditory neural tissue cannot be removed and morphologically examined by extraction and fixation during life.
Auditory mouse mutants have contributed to the identification of candidate deafness-causing genes in humans [6, 10, 11] . Due to the remarkable structural similarity between human and mouse auditory systems, auditory mouse mutants have provided valuable insight into the ontogenesis, morphogenesis and function of the human ear [3] .
Within the phenotypes of auditory mouse mutants, shaker/waltzer behaviour is characteristic of vestibular dysfunction of the inner ear and is often associated with deafness [2, 5, 8, 12, 21, 26, 28, 33] . Vestibular dysfunction and deafness is, in most cases, caused by abnormalities of stereocilia on inner ear hair cells. Vertebrate inner ear hair cells are mechanosensors that transduce mechanical forces arising from sound waves and head movement providing the sense of hearing and balance, respectively [13, 23] . Stereocilia is a mechanically sensitive organelle, which consists of actin filaments, nonmuscle-type myosin and several scaffold proteins [6, 10, 11] . Mouse mutations underlying vestibular dysfunction and deafness occur preferentially in genes encoding such proteins. These genes regulate organisation, structure, growth, and function of stereocilia; hence, mutations in these genes often directly affect stereocilia morphology [13, 32] .
We found a new recessive mutant mouse, Rinshoken shaker/waltzer (rsv), in a C57BL/6Slc (B6) colony at The Tokyo Metropolitan Institute of Medical Science (Rinshoken) that exhibits shaker/waltzer behaviour, including circling and head tossing. We used a positional cloning approach to identify the gene responsible for the rsv mutation, mapping the locus to chromosome 9, which is very close to the myosin VI (Myo6) gene. Myo6 encodes an unconventional myosin protein (MYO6) that is mutated in Snell's waltzer (Myo6 sv ) mice and in two forms of human non-syndromic deafness, DFNA22 and DFNB37 [1, 5, 25] . Myo6 sv mice exhibit deafness and circling behaviour and have fused cochlear and vestibular hair cell stereocilia [5, 31] . In the inner ear, MYO6 is normally located in the cytoplasm of organ of Corti (oC), vestibular hair cells within the cuticular plate and the pericuticular necklace [5, 16] , and between the actin core and plasma membrane of stereocilia [29] . Myo6 mutations result in fusion of the stereocilia into a giant structure, suggesting that MYO6 acts as an anchor for the stereociliar membrane at the apex of the hair cell [31] .
In this study, we performed genetic, phenotypic and expression analyse of the rsv mutant with a Myo6 sv -like phenotype. Our results suggest that this mutant should be classified as a stereociliary mutant that carries a mutant allele of Myo6.
Materials and Methods

Mice
The rsv mutant appeared spontaneously in a C57BL/6Slc (B6) colony in the animal facility of the Tokyo Metropolitan Institute of Medical Science (Rinshoken). We established a mutant strain colony by breeding the founder mouse and following the deafness phenotype. The mutant strain has been bred in the animal facility of Tokyo University of Agriculture. The B6-rsv mice were crossed with the MSM/Ms (MSM) and JF1/Ms (JF1) strains to generate intersubspecific backcross progeny for linkage analysis. All procedures involving animals met the guidelines described in the Proper Conduct of Animal Experiments as promulgated by the Science Council of Japan and were approved by the Animal Care and Use Committee of the Tokyo University of Agriculture.
Measurement of hearing ability in mice
Hearing ability in mice was tested by measuring the auditory brainstem response (ABR) threshold as de-scribed previously [21] . The ABR thresholds of all mice were measured using tone pip frequency of 12 kHz.
Phalloidin staining of stereocilia bundles
Stereocilia bundles were visualised using Alexa Fluor 568 phalloidin (Invitrogen, Carlsbad, CA). Histological examinations of mutant mice cochlea on postnatal days zero (P0), P5, P7, P10, P24, and P90 were performed as previously described using Alexa Fluor 568-conjugated phalloidin (0.2 µM) [22] .
Cochlea histology
Cochlea were dissected from mice on day P56 days, fixed with 4% paraformaldehyde overnight, and then decalcified in 5% EDTA/PBS. After decalcification for 10 days, tissues were dehydrated, embedded in paraffin, sectioned (5 µm), and stained with haematoxylin.
SEM
To fix cochlea, mice were perfused through the heart with a buffer containing 0.9% saline, 2% glutaraldehyde, and 0.1 M phosphate (pH 7.4). Immediately after perfusion, cochlea were removed from the body and immersed in the same fixative. They were treated with a 1% tannic acid solution for 3 h, washed in distilled water for 1 h, and immersed in a 1% OsO 4 solution for 4 h at room temperature. The specimens were dehydrated in a graded ethanol series, transferred to isoamyl-acetate, and critical point-dried using liquid CO 2 . The dried specimens were coated with platinum-palladium in an ion coater and examined in a Hitachi S-4300N SEM at an acceleration voltage of 10 kV.
Linkage analysis
Linkage mapping of the rsv mutant locus was performed by intersubspecific backcrossing progeny derived from the mating of (MSM × B6-rsv/rsv) F 1 × B6-rsv/rsv and (JF1 × B6-rsv/rsv) F 1 × B6-rsv/rsv. Mice with a mutant phenotype in the backcross progeny were easily identified by their overt circling and head-shaking behaviour. Genomic DNA was prepared from liver, tail and/or pinna skin. Genome-wide screening was performed with 82 microsatellite markers located within the 15-35 cM interval on each chromosome (data not shown). PCR conditions for genotyping using microsatellite markers were as described previously [20] . The recombinants between D9Mit74 and D9Mit273 were used for fine genotyping with markers D9Mit236, D9Mit343, D9Mit307 and D9Mit10, and microsatellite markers (Supplementary Table 1 ) developed from the genomic sequence (Ensembl release 54: http://www. ensembl.org, from the NCBI m37 Mouse Genome Assembly) of mouse chromosome 9. Refinement of the map position was done with the aid of the Map Manager computer program [24] .
Mutation analysis of the genomic Myo6 gene sequence
Thirteen genomic DNA fragments covering the 35 coding exons of Myo6 were amplified using AmpliTaq Gold (Applied Biosystems, CA, USA) or KOD FX (TOYOBO, Osaka, Japan). Details of the PCR and sequencing primer sequences are given in Supplementary  Tables 2 and 3 . PCR products were purified with the ExoSAP-IT (GE Healthcare, Buckinghamshire, UK) or QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), sequenced using DTCS (Beckman Coulter, Fullerton, CA), and analysed on a Beckman CEQ8000.
RT-PCR and mutation analysis of Myo6 on cDNA
Total RNA was isolated from the inner ear, brain, liver, and kidney of 4-week-old mice using TRIzol (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. cDNA was generated with the ThermoScript RT-PCR System (Invitrogen) using 0.1 µg of DNasepretreated total RNA. The cDNA was amplified for 30-40 cycles (95°C for 30 s, 60°C for 30 s, 72°C for 90 s) using AmpliTaq Gold (Applied Biosystems). Details of the PCR and sequencing primer sequences are given in Supplementary Table 4 . The products were subjected to agarose gel electrophoresis and sequenced.
Antibodies
Rabbit polyclonal antibody for MYO6 was obtained commercially (Proteus BioSciences, Ramona, CA). Horseradish peroxidase (HRP)-conjugated donkey antirabbit IgG antibody (GE Healthcare) and HRP-conjugated sheep anti-mouse IgG antibody (GE Healthcare) secondary antibodies were used for western blotting. Alexa-conjugated goat anti-rabbit IgG antibody was obtained from Invitrogen.
Western blotting
Proteins were isolated from the inner ear, brain, liver, and kidney of mice using T-PER Tissue Protein Extraction Reagent (Pierce, Rockford, IL) according to the manufacturer's protocol. Fifty micrograms of total protein was fractionated on 7.5% SDS-polyacrylamide gel and transferred onto a Hybond-P PVDF Membrane (GE Healthcare). The MYO6 antibody was used at a dilution of 1:4,000. The membrane was subsequently stripped and blotted with an anti-a-tubulin monoclonal antibody (1:10,000, Sigma, Milwaukee, WI) to determine protein loading. HRP-conjugated secondary antibodies were used at a dilution of 1:40,000. Blots were developed using the ECL Advance Western Blotting Detection Kit (GE Healthcare).
Immunohistochemistry
Whole-mount immunostaining was performed as previously described [22] . The MYO6 antibody was used at a dilution of 1:200. Fluorescence images were obtained with a Zeiss LSM510 META confocal microscope equipped with a Plan-Fluar (100×/1.45) oil immersion objective.
Results
Isolation and phenotypic characterisation of the spontaneous rsv mutant
The rsv mutant mouse is identifiable at P10 by its lack of balance. At P20, rsv mice display distinct head tossing and bidirectional circling behaviour that persists throughout their lives (Fig. 1A) . The rsv mutation was proven to be recessive by backcross to unrelated B6 mice with the production of normal phenotype mice. Crossbreeding between the (B6 × rsv) F 1 mice produced 31 normal and 11 shaker/waltzer offspring. Moreover, the mating of the (B6 × rsv) F 1 with rsv mice produced 61 normal and 57 shaker/waltzer offspring.
To determine whether vestibular hair cells from rsv mutant mice display a similar disorganisation to that displayed by the other shaker/waltzer mutants, utricles from the inner ear of the B6 and rsv mice were examined in confocal microscopy (Figs. 1B and 1C). Stereocilia bundles on hair cells from the utricles of mutant mice lacked the normal staircase configuration (Fig. 1C) .
The rsv mice also failed to produce Preyer's ear reflex, which is typical in shaker/waltzer deafness mutants. ABR tests were performed to estimate their hearing ability at P30 (Figs. 1D and 1E), normally an age of complete mature hearing sensitivity [11] . Even at the highest intensity (90 dBpeSPL), the rsv mutant showed no ABR (Fig. 1E) , although unaffected littermate controls showed normal waveforms and thresholds (Fig. 1D ). An examination of cochlear histology revealed severe degeneration of the oC in rsv mutant but not wild type (B6) mice at P56, including a loss of inner and outer hair cells and a decrease in spiral ganglion cells (Figs. 1F and 1G ). Hair cell morphology was investigated using wholemount phalloidin staining. Morphogenesis of hair cells from the apex, middle and base areas of oC from wildtype and mutant mice littermates was closely examined (Figs. 2A and 2B). At P0, stereocilia bundles showed a normal pattern of development in littermate wild-type mice with hair cells from the base area being more advanced than hair cells of the apex area. The cluster of microvilli at the top of each hair cell was already polarised in the apex area, with a shaped array of microvilli on the lateral edge of each hair cell having grown taller (Fig. 2C ). In the middle and base areas at P0, microvilli had become stereocilia, whereas microvilli in the centre and inner edge of each hair cell were much shorter and in the process of being reabsorbed (Figs. 2D and 2E) [11] . Hair cells from rsv mutant mice at P0 appeared normal, with shaped arrays of growing stereocilia located at the lateral edge of the hair cells in the apex area, similar to wild-type littermates (Fig. 2F) . However, there were signs of disorganisation in the hair cells from the middle area (Fig. 2G) , where the stereocilia bundles of inner hair cells (IHC) showed a swirled appearance. Degeneration of the stereocilia bundles on IHCs and outer hair cells (OHCs) were more pronounced in the base area than in the middle area (Fig. 2H) . Over the next few days, stereocilia bundles become progressively more disorganised, and there were no hair cells with normal stereocilia anywhere in the oC at P5 (Fig.  2I) . Practically all hair cells showed fused-like stereocilia by P10 stage (Fig. 2J) , and there are long and disrupted stereocilia by P24 (Fig. 2K) . To investigate in detail the disrupted morphology of stereocilia, we examined hair cells of the wild-type and rsv mice at P27 by SEM (Fig. 3) . The rsv mice at this stage had areas of both IHCs and OHCs in which the hair cells had completely degenerated, and some stereocilia bundles were severely fused (Fig. 3B ). There was excess growth and fusion of stereocilia resulting in large protrusions on top of hair cells, especially in IHCs.
Genetic mapping of the rsv mutation
Homozygous rsv mice were crossed to MSM or JF 1 strains to generate intersubspecific backcross progeny for linkage analysis. DNA from 24 [(MSM × B6-rsv/ rsv) F 1 × B6-rsv/rsv] N 2 progeny (including 13 affected mice) was genotyped with 82 MIT markers on mouse chromosomes 1-19. This strategy was used to efficiently localise the rsv mutation to chromosome 9. DNA from a total of 109 N 2 progeny from both crosses was genotyped to refine the map position with D9Mit108, D9Mit306, D9Mit74, D9Mit236, D9Mit343, D9Mit307, D9Mit10, and D9Mit273 and eight newly developed microsatellite markers (Supplementary Table 1) . Crossover analysis identified a candidate non-recombinant interval of 4,816,066 bp (Ensembl) between markers D9Mit74 and D9Nok18 (Fig. 4) . The non-recombinant region contains 22 protein coding genes (Table 1) and five pseudo genes (Ensembl). Given its genomic localisation and its involvement in a similar mutant pathol- shown to the right of each genetic marker. Arrows connect recombinant flanking markers used by two backcross panels, delimiting candidate gene intervals for the rsv mutation. The Myo6 gene located in the non-recombinant interval is a strong candidate gene (see Table 1 ).
ogy in humans and mice, the Myo6 gene was the strongest candidate gene for the rsv mutation (Table 1) .
Expression and mutation analyses of the myosin VI gene and protein in rsv mutants
To examine the effect of the rsv mutation on Myo6 RNA expression, we carried out RT-PCR analysis using RNA isolated from the inner ear, brain, liver, and kidney of P30 wild-type (B6) and homozygous rsv mice. The transcript level of Myo6 was markedly reduced in rsv mutants (Fig. 5A) . Moreover, to examine MYO6 expression in rsv mutant, we performed immunoblot analysis using total protein extracts from the inner ear, brain, liver, and kidney of P30 wild-type and homozygous rsv mice (Fig. 5B) . The blot was probed with a rabbit polyclonal antibody for MYO6 that had been previously characterised [7, 15, 16, 17] . A ~140-kDa band of MYO6 was abundant in tissues from wild-type mice but was not detectable in those of the rsv mutant.
Immunohistochemical analysis was performed to evaluate MYO6 expression in the inner ear hair cells from wild-type and rsv mice (Figs. 5C-F) . We confirmed the general localisation of MYO6 in the mature oC and vestibular hair cells of wild-type mice (Figs. 5C and 5D) [5, 16, 29] . In rsv mutant mice, we did not detect MYO6 in oC and vestibular hair cells (Figs. 5E and 5F), confirming the absence of MYO6 in the inner ear of rsv mutants.
These findings lead us to conclude that the shaker/ waltzer behaviour and deafness in rsv mutant mice are caused by a mutation in the Myo6 locus, suggesting that the mutation is an allele of Myo6 sv . We designed PCR primers (Supplementary Table 2 ; set A-M) to amplify 35 exons corresponding to the full Myo6 sequence (Ensembl gene ID ENSMUST00000035889, ENSMUST00000113268, ENSMUST00000076140, ENSMUST00000113266, ENSMUST00000098514, and ENSMUST00000113259) of genomic DNA from B6, rsv heterozygous and homozygous mutant mice using the primers listed in Supplementary Tables 2 and 3 . DNA sequencing (28,648 bp) of the 34 coding exons and a non-coding exon as well as exon-intron boundaries and the UTRs of Myo6 did not reveal any mutations. We also sequenced a 1,506-bp region, including the promoter region of Myo6 identified by Jung et al. [19] ; however, no new sequence variants were identified. Table 4 ). cDNA integrity was confirmed with a 1,144-bp Gapdh control band (bottom). Myo6 mRNA levels in the brain and kidney from rsv mutants were markedly reduced compared with control B6 mice and were undetectable in the liver and the inner ear from the rsv mutant. Because no mutations were found by genomic sequencing of Myo6, we looked for a splice-site mutation in the gene. Primers were designed for RT-PCR and to fully sequence the cDNA in overlapping fragments (Supplementary Table 4 ). Sequencing revealed three different length transcripts (Ensembl gene ID ENSMUST00000035889, ENSMUST00000113268, and ENSMUST00000076140) from wild-type and rsv mutant mouse brain cDNA caused by alternative splicing of Myo6 (data not shown). The Myo6 alternative splice forms can be found in the both wild-type and rsv mice.
Discussion
Researchers using mouse models for deafness have emphasised the need for multiple genetic alleles, because new mutations may lead to new phenotypes and genes involved in hearing to help elucidate new functions for associated proteins. In this study, we have isolated a new spontaneous mutant mouse, rsv, lacking MYO6 expression (Figs. 5B-F) . Moreover, the phenotypes in the rsv mutant are very similar to those described for MYO6-null mice, Myo6 sv (Figs. 1-3 ) [5] . Genetic mapping placed the rsv mutation in the same chromosomal interval as Myo6 (Fig. 4 ). There are 22 named genes in the current candidate gene interval for rsv (Table 1 ). In addition to Myo6, Slc17a5 is the only known deafnessand behavioural abnormality-associated gene (Table 1) . In humans, lysosomal free sialic acid storage diseases are recessively inherited allelic neurodegenerative disorders that include Salla disease and infantile sialic acid storage disease caused by mutation in the SLC17A5 gene encoding a lysosomal membrane protein, sialin, which transports sialic acid from the lysosome [4] . Slc17a5 knock-out mice exhibit numerous neurological abnormalities, including impaired exploratory and locomotor activity, hearing deficits, and an increased depressivelike response (MGI, unpublished data). Although the phenotypes in the Slc17a5 knock-out mice are not similar to rsv mice, to test whether Slc175a was a candidate for the rsv mutation, we designed PCR primers to amplify the open reading frame (ORF) of the gene (Supplementary (Figs. 3B and 3D) [5, 30, 31] . MYO6 is localised to the cytoplasm of the inner and outer hair cells within the cuticular plate and the pericuticular necklace, and between the actin core and plasma membrane of stereocilia (Figs. 5C and 5D ). Therefore, Myo6 mutations result in fusion of stereocilia into a giant structure, suggesting that MYO6 acts as an anchor for the stereocilia membrane at the apex of the hair cell [31] . We found that in rsv mutant mice, stereocilia of oC hair cells begin normal development, forming correctly oriented arrays of growing stereocilia; however, these arrays become progressively more disorganised and fuse around the apex area of oC at P0 (Fig. 2F) . This process occurs rapidly, with very few abnormal cells in the middle area at P0 (Fig. 2G) , and practically all hair cells are affected in the base area of oC (Fig. 2H) . Stereocilia fusion is extensive by P10 with giant fused stereocilia (Fig. 2J) . At P30, the hair cells also start to degenerate (Fig. 3) . The observation of hair cell degeneration in rsv mutants is similar to earlier reports in Myo6 sv mice [31] . These findings suggest that MYO6
is essential for the maintenance of inner ear hair cells rather than for organogenesis and development. We did not find any potentially causative changes in rsv mutant mice by DNA sequencing of Myo6 at either the genomic or the cDNA level. Furthermore, although the promoter region of the Myo6 gene has already been identified [19] , DNA sequencing did not reveal any mutations in this region. Western blot and immunohistochemical analysis of MYO6 expression, however, indicated a complete loss of MYO6 expression in rsv mutant mice compared with wild-type mice (Figs. 5B, 5E, and 5F). We surmise that the loss of MYO6 expression causes congenital deafness and vestibular dysfunction in rsv mutant mice; however, the possibility that a mutation in another gene may be responsible for the rsv mutant phenotype cannot be completely excluded. A possible alternative explanation is that there is a regulatory sequence mutation or a position effect mutation in rsv mutant mice that affects Myo6 expression. Two reports have suggested that mutations in regulatory sequences or position effect mutations of Myo6 in the Myo6 sv allele [5] and in a family affected by autosomal dominant deafness [18] . A possible regulatory region of Myo6 was found in mice harbouring a Bmp5 se Myo6 sv allele, which shows stereocilia fusion due to a paracentric inversion caused by a break 30-220 kb upstream of Myo6 [5] . Recently, it was shown by quantitative realtime PCR that mRNA expression of MYO6 in humans is elevated 1.5-to 1.8-fold in family members suffering inherited deafness compared with unaffected family members [18] . No causative mutation was found by genomic sequencing in coding exons, non-coding exons, exon-intron boundaries, UTRs, and the promoter region of MYO6 in these patients. However, in humans and mice, no regulatory regions of the myosin VI gene have been identified thus far, making it very difficult to confirm in an in vitro study. The new mouse mutant, rsv, is likely to provide new information on the mechanism of how Myo6 expression is regulated, especially if a mutation is identified in a previously unknown regulatory region of Myo6. 
